Introduction
Ultrafine grained metals and alloys have been arousing a great interest among materials scientists and engineers. Such materials are believed to offer improved mechanical properties like a high strength that is combined with sufficient ductility, enhanced impact toughness, superplasticity at high strain rate, and many others, which were reported by various research groups. [1] [2] [3] [4] [5] [6] [7] [8] [9] One of processing methods for grain refinement in metallic materials is plastic deformation. Commonly, the development of new grained structure during plastic working is related to the phenomenon of dynamic recrystallization. The main characteristic of dynamic recrystallization taking place at elevated temperatures have been fairly clarified in a number of papers. [10] [11] [12] [13] [14] The dynamic grain size that can be obtained after completion of dynamic recrystallization decreases with a decrease in deformation temperature. Therefore, a considerable refinement of the microstructure can be achieved by plastic working at relatively low temperatures. However, the critical strain that is required for the initiation of dynamic recrystallization and, especially, for its completion increases significantly with decreasing the processing temperature.
Several specific processing methods such as torsion under high pressure, mechanical milling, equal channel angular pressing, and others have been developed to attain large strains during plastic deformation at low to moderate temperatures. 3, 5, [15] [16] [17] [18] [19] The novel methods of severe deformation allow treating almost all metallic materials. The grain size in structural materials can be reduced down to tens nanometers after processing by severe deformation. It is commonly discussed that the final microstructures result from continuous transformation of strain-induced subgrains into ultrafine grains due to gradual rise of angular misorientations among deformation substructures during deformation. 3, [20] [21] [22] [23] However, the sequence of structural changes, namely, the mechanism of submicrocrystalline or nanocrystalline structure evolution during large strain cold working is still unclear. The specific techniques mentioned above are tedious in use, require costly equipment and only enable the processing of relatively small samples. This makes the comprehensive structural investigations complicated. On the other hand, large strain deformation can be also achieved by some conventional metal-forming methods like drawing and multiple forging, which are simple in applications and based on standard tools. Recently, bar rolling followed by swaging and multiaxial forging were utilized as methods of severe deformation to process several stainless steels. [24] [25] [26] After sufficiently large strains, the submicrocrystalline structures were developed in the treated samples. The aim of the present paper is to summarize briefly our late results on severe deformations and to reveal the peculiarities of the structural mechanism responsible for the development of strain-induced submicrocrys-
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talline structures on the base of quantitative analysis of deformation microstructures that evolve at different strain levels.
Experimental
Various Cr-Ni stainless steels were chosen as typical representatives of a wide grade of structural alloys. The chemical composition of starting materials is collected in Table 1 along with some microstructural parameters. The steels were vacuum melted and cast into 20 kg ingots followed by homogenization and hot rolling at 973 K to 21.3 mmϫ21.3 mm square bars. The processing details are explained elsewhere. [24] [25] [26] The main results were obtained by using unidirectional deformation. Namely, the large strain cold working was carried out by bar rolling to 7.8 mmϫ7.8 mm square bars followed by swaging from f7.0 mm to about f0.5 mm. Therefore, the total strain of around 7 was attained. To study the effect of processing method on grain refinement under severe deformation, a portion of samples was subjected to multidirectional deformation by multiple forging with change of the loading direction through 90°from pass to pass (i.e. x to y to z to x and so on). The specimens for multiple forging were machined in rectangular shape with starting dimensions of 15.0 mmϫ12.2 mmϫ10.0 mm. The applied strain at each processing pass was 0.4. The total strain of 7.2 was obtained after 18 sequential forging passes.
Grain Refinement during Large Strain Cold Working

Deformation Microstructures
Representative micrographs of deformation microstructures that developed in an originally coarse grained ferritic stainless steel during bar rolling/swaging to various total strains are shown in Fig. 1 . After cold rolling to conventional strain level, the strain-induced substructures are characterized by high density of dislocations, which are arranged in cell blocks separated by dense dislocation walls ( Fig.   1(a) ). This is a typical feature of cold worked microstructure that was frequently observed in numerous studies on conventional plastic working. 21, [27] [28] [29] [30] It should be noted in Fig. 1(a) that some dense dislocation walls appear as long straight boundaries (some of those are indicated by arrows). They are rather sharp on the TEM images, comparing to the ordinary dislocation cell walls. Therefore, such subboundaries can be considered as geometrically necessary subboundaries subdividing the original large grains into microvolumes, the combination of operating slip systems within which is different. 31, 32) The misorientation across such subboundaries is expected to rise rapidly due to accumulation of misfit dislocations that are resulted from the difference in dislocation slip in neighbor subgrains. 33) Further processing results in rearrangement of the dense dislocation walls, which become almost parallel to the deformation axis ( Fig. 1(b) ). In other words, the deformation substructures are composed by highly elongated subgrains at a level of intermediate strains of around 3. Such ribbonlike substructures are distinctive characteristics of unidirectional deformation to relatively large strains. 27, [34] [35] [36] The spacing between these longitudinal subboundaries was discussed to decrease with subsequent working. However, the TEM observations of the deformation substructures that developed after severe deformation ( Fig. 1(c) ) suggest that the transverse subgrain size does not reduce remarkably in the range of very large strains. On the other hand, many dis- location subboundaries develop crosswise to the processing axis. The evolution of transverse subboundaries breaks down the ribbon-like microstructure into chains of slightly elongated subgrains, leading to the formation of submicrocrystalline structures in severely deformed samples. The change in the shape of strain-induced grains/subgrains during large strain cold working can also be seen in the transverse sections of bar rolled/swaged samples. 37) At the level of conventional strains up to about 3, the deformation microstructures look like ordinary ones that develop upon unidirectional deformation (Figs. 2(a) and 2(b)). Such microstructures are composed of curly grains/subgrains, which are bent around the deformation axis. The thickness of bent plate grains reduces with increasing the total strain. In contrast, almost equiaxed ultrafine grains/subgrains appear in the cross section of the samples after sufficiently large strains ( Fig. 2(c) ). It can be concluded that severe deformation is characterized by the evolution of more equiaxed (sub)structural elements than the deformation substructures at intermediate strain level.
The reduction of the transverse grain/subgrain size, which was measured crosswise to the direction of metal flow during rolling/swaging, is represented in Fig. 3 for various steels. [24] [25] [26] Early deformation is characterized by a rapid drop of the transverse (sub)grain size. This is consistent with a work hardening taking place right after beginning the plastic flow, when the dislocation density readily increases that leads to formation of cell substructure followed by the development of many dense dislocation walls subdividing original grains. 27, 34) Then, the rate of reduction of the transverse (sub)grain size slows down; and the size of structural elements gradually approaches its minimal value at saturation level of 100-200 nm that depends on alloying extent. In other words, the transverse grain/subgrain size does not vary with subsequent processing in the range of very large total strains.
Evolution of Strain-induced Subboundaries
The refinement of original microstructures during large strain cold working is accompanied by increase in misorientations between deformation subgrains (Fig. 4) . The substructures consisting of cell blocks that developed at relatively small strains are characterized mainly by low-angle dislocation subboundaries (Fig. 4(a) ). The dense dislocation walls with misorientations above 15°are spaced far from each other and, therefore, rare in occurrence. Further processing to intermediate total strains results in significant increase of the number of the dense dislocation walls and rearranges the latter ones along the deformation axis. It is clearly seen in Fig. 4(b) that the development of ribbon-like microstructures attends a remarkable increase in the misorientations between deformation (sub)grains. Almost half of the dense dislocation walls among all the strain-induced (sub)boundaries is represented by high-angle grain boundaries. It should also be noted that an increase in misorientations between subgrains is accompanied with sharpening of deformation subboundaries. The strain-induced (sub)boundaries with relatively large misorientations appear as narrow plane defects and commonly look like ordinary grain boundaries. The fraction of strain-induced high-angle grain boundaries continuously increases upon subsequent deformation. Therefore, the following evolution of submicrocrystalline structures at large total strains is associated with a gradual transformation of deformation subgrains into ultrafine grains with high-angle boundaries. It is concluded that the submicrocrystalline structures that develop under severe deformation result from a kind of continuous dynamic recrystallization. The average misorientation between deformation (sub)grain and the fraction of strain-induced high-angle grain boundaries can be used as quantitative parameters to follow the kinetics of the process.
Effect of the total strain on the average (sub)grain boundary misorientation and the fraction of high-angle grain boundaries is shown in tion technique using transmission electron microscope (TEM) 24, 25) and an electron back scattering diffraction pattern (EBSP) analyzer. 26) Both the average misorienation and the fraction of high-angle boundaries gradually increase with deformation to total strains of about 4 and approach saturations at larger strains, where the average misorientation is around 35°and the percentage of high-angle boundaries comprises about 75 %. Similar structural changes were frequently observed for continuous dynamic recrystallization in various materials. 20, 21, [38] [39] [40] It is interesting to note that in the range of the strains of 0ϽeϽ4, the both boundary parameters can be roughly approximated by a linear relationship with the total strain, i.e. qϳKe. For the average misorientation, the factor K is about 5°in Fig. 5 . This value is almost the same with those of 4°to 7°obtained for continuous dynamic recrystallization in various metallic materials, which were deformed to large strains at relatively low temperatures. 21) Larger K values were observed for processing at elevated temperatures, e.g. Kϭ12°for cyclic hot rolling and annealing 41) and very large values of the misorientation rate up to 40°for aluminum alloys during hot working in conditions of superplastic deformation.
42) The linear relationship between the average misorientation and the strain can be explained with an assumption that the main contribution in the rise of misorientations is provided by the geometrically necessary subboundaries. The misorientation across such subboundaries depends on the density of grain boundary dislocations, which in turn is in direct proportion to the strain, 43) therefore, qϳe.
Internal Stresses
The submicrocrystalline structures developed by severe deformation involve a smaller number of internal dislocations compared to the deformation substructures after conventional strains (see Figs. 1 and 2 ). The variation of the dislocation density in the grain/subgrain interiors with total strain is represented in Fig. 6 . [24] [25] [26] The number of internal dislocations increases to its maximum upon processing to total strains of about 1 to 2. Then, the dislocation density smoothly decreases with following deformation. On the other hand, the submicrocrystalline materials subjected to severe deformation were shown bearing high residual stresses. 20, 24, [44] [45] [46] To study the origin of the internal stresses in the submicrocrystalline structures, some of the ultrafine grains without any internal dislocations were selected for more detailed examination.
An example of dislocation-free grains is displayed in Fig. 7. 37) The arrows indicate on microregions, where the orientations of the crystal lattice were precisely evaluated by the low-angle converged beam Kikuchi-line diffraction technique. The numbers indicate the local disorientations or the curvatures (y) of the grain lattice in the diffraction plane between the neighboring microregions. The maximal residual stresses associated with these elastic distortions can be roughly derived as follows 45) : t/Gϭ0.35ty/l, where G is the shear modulus, t is the specimen thickness, and l is the spacing between the microregions. The level of the internal stresses of about 2ϫ10 Ϫ3 G can be averaged through the A-B-C-D-E in Fig. 7 . Since these ultrafine grains are free of dislocations in their interiors, it is evident that such high internal stresses should be attributed to the strain-induced grain boundaries in submicrocrystalline structures obtained by large strain deformation. Also, the high internal stresses that evolve in submicrocrystalline structures after severe deformation are considered to be responsible for decreasing the density of internal dislocations after sufficiently large strains. 20, 46) 
Effect of Processing Method
To study the effect of processing method on the development of submicrocrystalline structures due to continuous dynamic recrystallization under severe deformation, two quite different techniques, i.e. the unidirectional deformation by bar rolling/swaging and the multidirectional deformation by three-dimensional forging, were selected for cold-working of the same starting material. 26) Typical deformation structures that evolve upon the different deformations to various total strains are represented in Fig. 8 . At relatively small total strains, the effect of processing method on structural changes is negligible. The deformation substructures consisting of dislocation cell blocks that evolve by unidirectional and multidirectional deformations are the same in appearance (Figs. 8(a) and 8(d) ). The similar cold-worked substructures were frequently observed in many studies irrespective of used processing method. 21, [27] [28] [29] [30] As expected, remarkable difference in the deformation substructures is recorded for samples processed to relatively large (intermediate) strains (Figs. 8(b) and 8(e) ). The unidirectional deformation causes the strain-induced subboundaries to become parallel to the processing axis, leading to ribbon-like substructures, which are composed by highly elongated (sub)grains. In contrast, the deformation substructures that develop under multidirectional forging consist of almost equiaxed grains/subgrains within the studied strain range. The subdivision of elongated (sub)grains by transverse strain-induced (sub)boundaries in the swaged samples after large total strains eliminates the structural differences introduced by unidirectional and multidirectional deformation (Figs. 8(c) and 8(f) ).
In spite of certain differences in deformation structures evolved by different processing methods, the transverse grain/subgrain size can be represented by a unique function of the total strain and does not depend on the method of cold working (Fig. 9) . This suggests that the size of ultrafine grains that develop by continuous dynamic recrystallization during severe deformation can be reduced down to some limit, which depends on physical deformation conditions such as temperature and strain rate. This is similar to the phenomenon of discontinuous dynamic recrystallization during hot working, when the dynamic grain size can be expressed by a power law function of temperature compensated strain rate, [10] [11] [12] [13] [14] although responsible structural mechanisms seem to be different. In the case of continuous dynamic recrystallization, the final grain size approaches the size of dislocation subgrains or cells, which reaches a limit in the early stages of deformation and changes only slightly thereafter. 43) The kinetics of continuous dynamic recrystallization during unidirectional and multidirectional working can be seen in Fig. 10 , which shows the increase in the fraction of strain-induced high-angle grain boundaries as a function of the total strain. Similar to the data presented in Fig. 5 , the fraction of high-angle boundaries increases in a linear dependent way with straining to total strains of about 4 irrespective of the difference in the processing methods. Upon subsequent deformation to large strains, the fraction of high-angle boundaries tends to saturate at 0.8 and 0.6 for swaging and multiple forging, respectively. This difference in the fraction of high-angle boundaries at large total strains is associated with the specific distributions for (sub)boundary misorientations that develop during multidirectional and unidirectional working (Fig. 11) . In the both cases, the peak against low-angle subboundaries gradually decreases during processing and the fraction of grain boundaries with misorientation above 15°increases. However, the multidirectional deformation leads to a flat-type (sub)boundary distribution with near the same fractions of various misorientations, while the unidirectional rolling/swaging is characterised by a rather large fraction of 60°grain boundary misorientations that appear at large strains. The latter may be connected with the strong ͗110͘ fiber texture in the rolled/swaged samples, [24] [25] [26] because the misorientation between grains rotating about ͗110͘ through 60-90°is represented by an equivalent minimal misorientation about 60°.
Effect of Initial Microstructure
The fast development of strain-induced high-angle boundaries was shown to take place close to original grain boundaries. 39) Deformation subboundaries evolved near initial grain boundaries have higher misorientations, as compared with those in grain interiors, and can rapidly transform to high-angle ones due to some strain incompatibilities of adjacent grains. Therefore, the kinetics of grain refinement during large strain cold working is expected to be accelerated in materials with finer starting microstructures. This statement was clearly proved by using two stainless steels with the same alloying extent but different initial microstructures.
24) The development of strain-induced ultrafine grained structure in the samples of Fe-18%Cr-7%Ni steel with initial martensitic microstructure was compared with the structural changes in coarse grained Fe-22%Cr-3%Ni samples during the same processing method.
The kinetics of the development of high-angle grain boundaries upon processing is illustrated by Fig. 12 , which represents the misorientation distributions for the deformation (sub)boundaries. The sharp peak against low-angle dislocation subboundaries in the samples with initial coarse grained microstructure slowly decreases and spreads out towards larger misorientations during processing. The charac- teristic flat-type misorientation distribution with almost equal fractions of various misorientations is evolved after cold working to rather large total strain of above 4. In contrast, the samples with original martensitic structure are characterized by two maximums corresponding to low-and high-angle boundaries. The both peaks quickly weaken upon processing to total strain of about 3, leading to the flat-type distribution, which is similar to those developed in coarse grained samples at remarkably larger strains. Similar acceleration of continuous dynamic recrystallization was observed in austenitic stainless steel during warm multiple deformation, when the fraction of strain-induced high-angle grain boundaries in the samples with initial fine grained microstructure exceeded 0.6 after processing to relatively small total strains of about 1.
47)
The strain hardening and the reduction in the transverse (sub)grain size in the samples with different starting microstructures during large strain cold working is shown in Fig. 13 . Comparing to the samples with coarse initial grains, the hardness of the samples with initial martensitic structure rapidly increases to its saturation level after processing to relatively small total strain of around 3. Correspondingly, the transverse (sub)grain size approaches the minimal value at the same strains, and then does not change significantly during subsequent deformation. Thus, the development of the continuous dynamic recrystallization in the originally martensitic structure resulted in a steadystate-like deformation behavior at strains of above 3 even during cold working.
Apparent Steady-state Deformation
The strain effect on the reduction in cross section of grains/subgrains and whole sample during unidirectional deformation is schematically illustrated by Fig. 14 . The cross section of the sample reduces with total strain as exp(Ϫ0.5e) during bar rolling/swaging or exp(Ϫe) for plane rolling and, therefore, can be represented by a linear plot in semi-logarithmic coordinates. In the range of relatively small to medium total strains, the cross section of grains/subgrains decreases much faster than that of the whole sample. This is the region of grain refinement, when the plastic working results in the development of new (sub)boundaries leading to rapid reduction in the average transverse size of deformation grains and subgrains. In other words, the deformation is accompanied by increasing the density of plane defects of crystal lattice per a grain, i.e. defect accumulation. On the other hand, the number of grains/subgrains in the cross section of sample decreases in the range of large total strains. In spite of a little decrease in the transverse grain/subgrain size with increasing the total strain, the large total strains can be considered as the region of grain coarsening, i.e. defect annihilation becomes dominant process, leading to the apparent steady-state deformation behavior.
The structural response leading to apparent steady-state deformation during unidirectional cold working is not clearly understood. There might be three possible mechanisms keeping the average value of cross section of elongated grains/subgrains as a constant during processing: (i) a shrinkage of individual grains/subgrains, 24) (ii) a strain localization by microshearing, 25) and (iii) a subgrain coalescence by the plastic hinge mechanism. 35) Recovery controlled local migration of strain-induced (sub)boundaries bearing high internal stresses may lead to serration of (sub)boundaries in ribbon-like deformation structures. Therefore, adjacent (sub)boundaries of highly elongated grains/subgrains may pinch off at sufficiently large reductions in cross section of samples, leading the ribbon-like (sub)grains to rupture ( Fig. 15(a) ). Also, the sequential microshearing resulting in a strain localization on mesoscale level was considered as a possible deformation mechanism operating at large strains in ribbon-like deformation structures ( Fig. 15(b) ). The microshearing can provide the required dimensional change of whole samples, while the average cross section of grains/subgrains does not reduce. Probably, all these mechanisms operate simultaneously during large strain unidirectional working. The mean contribution (or importance) of each mechanism should be further explored in more detail.
Summary
The mechanism of submicrocrystalline microstructure evolution in ferritic stainless steels during large strain coldworking can be considered as a kind of continuous dynamic recrystallization. The new ultrafine grains develop at large strains as a result of gradual increase in the misorientations among deformation subgrains. After rapid reduction at an early deformation, the transverse (sub)grain size smoothly approaches its final value of 100-200 nm, which depends on alloying extent. The increase in average subboundary misorientation during deformation can be related to the strain as Dqϳ5°e. After cold rolling/swaging to total strain of 4, the average misorientation between deformation (sub)grains is about 20°, and the fraction of high-angle grain boundaries is 0.5. Therefore, the level of cold strains about 4 can be considered as a large enough one for almost full development of strain-induced ultrafine grained structure.
The development of submicrocrystalline structures has a little dependency on processing method. The unidirectional deformation by rolling/swaging and the multidirectional processing by 3D forging are characterised by almost the same strain dependencies for the reduction in the transverse grain and subgrain sizes, which approach 0.3 mm and 200 nm at total strains of around 7. Irrespective of processing method, the fraction of high-angle grain boundaries follows the same linear dependency on total strain in the range of 0ϽeϽ3, and then saturates at about 0.8 and 0.6 during the unidirectional and multidirectional deformations, respectively.
The steel with initial fine-grained structure demonstrates faster kinetics of continuous dynamic recrystallization during cold-working, i.e. decreasing the transverse (sub)grain size, increasing the fraction of high-angle grain boundaries, than the samples with initial coarse grained microstructure. It is possible to attain an apparent steady-state deformation behaviour during unidirectional cold working by using the samples with initial fine grained martensitic structure.
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